The deficient oxidation and accumulation of very-long-chain fatty acids in the Zellweger cerebro-hepatorenal syndrome (CHRS) and X chromosome-linked adrenoleukodystrophy (ALD), coupled with the observation that peroxisomes are lacking in CHRS, prompted us to investigate the subcellular localization of the catabolism of lignoceric acid (C24:0). Peroxisomal and mitochondrial-rich fractions were separated from rat liver crude mitochondria by sucrose density gradient centrifugation. Enzyme activity for the oxidation of l1-4C]palmitic acid to water-soluble acetate was 2-to 3-fold higher in the mitochondrial than in the peroxisomal-rich fraction whereas [1-I4C~lignoceric acid was oxidized at a 2-to 3-fold higher rate in the peroxisomal than in the mitochondrial fraction. Moreover, unlike palmitic acid oxidation, lignoceric acid oxidation was not inhibited by potassium cyanide in either rat liver fractions or human skin cultured fibroblasts, showing that lignoceric acid is mainly and possibly exclusively oxidized in peroxisomes. We also conducted studies to clarify the striking phenotypic differences between CHRS and the childhood form of ALD. In contrast to CHRS, we found normal hepatocellular peroxisomes in the liver biopsy of a childhood ALD patient. In addition, in the presence of potassium cyanide, the oxidation of palmitic acid in cultured skin fibroblasts was inhibited by 62% in control and X chromosome-linked ALD patients compared with 88% in CHRS and neonatal ALD. This differential effect may be related to differences in peroxisomal morphology in those disorders.
l1-4C]palmitic acid to water-soluble acetate was 2-to 3-fold higher in the mitochondrial than in the peroxisomal-rich fraction whereas [1-I4C~lignoceric acid was oxidized at a 2-to 3-fold higher rate in the peroxisomal than in the mitochondrial fraction. Moreover, unlike palmitic acid oxidation, lignoceric acid oxidation was not inhibited by potassium cyanide in either rat liver fractions or human skin cultured fibroblasts, showing that lignoceric acid is mainly and possibly exclusively oxidized in peroxisomes. We also conducted studies to clarify the striking phenotypic differences between CHRS and the childhood form of ALD. In contrast to CHRS, we found normal hepatocellular peroxisomes in the liver biopsy of a childhood ALD patient. In addition, in the presence of potassium cyanide, the oxidation of palmitic acid in cultured skin fibroblasts was inhibited by 62% in control and X chromosome-linked ALD patients compared with 88% in CHRS and neonatal ALD. This differential effect may be related to differences in peroxisomal morphology in those disorders.
Peroxisomes are now known to have a variety of physiological functions in addition to their previously recognized role in the formation and reduction of hydrogen peroxide. More than 40 enzymes have now been localized to this organelle (1) . These include those playing a major role in the ,B oxidation of fatty acids, particularly long-chain-length fatty acids (2, 3) . It has been estimated that 30% of palmitate (2) and 50-67% of erucic acid (C22:1) (3) oxidation takes place in the peroxisomes. Among other peroxisomal enzymes are those involved in certain steps in the biosynthesis of glycerolipids and glycerol/ether lipids (4) and of bile acids (5), D-amino acid oxidases, the enzymes of the glyoxylate cycle, and those concerned with ethanoxanthine and urate (6) metabolism. Recently, 3-hydroxy-3-methylglutaryl-Co A reductase has also been localized in the peroxisome (7) . The recognition that peroxisomes have a wide range of physiological functions, coupled with the demonstration that they are absent or diminished in certain disease states, has led to the concept of a newly recognized category of diseases, namely, disorders of the peroxisome (8, 9) .
The Zellweger cerebro-hepato-renal syndrome (CHRS) is the most well-known example of the peroxisomal disorders. CHRS is an autosomal recessive disorder characterized by profound abnormalities of neuronal migration (10, 11) , enlarged and malfunctioning liver, renal cortical cysts, abnormal calcification, retinal degeneration, and multiple congenital anomalies (12) . Repeated attempts to demonstrate peroxisomes in the liver and kidney of CHRS patients by cytochemical techniques have failed (13) (14) (15) , and this feature is now a required diagnostic criterion (16) . In addition, CHRS patients show certain biochemical abnormalities, such as greatly diminished levels of plasmalogens (17) and defects in bile acid synthesis (18) , that have been attributed to defective function of peroxisomal enzymes. The present studies of lignoceric acid (n-tetracosanoic acid, C24:0) metabolism were prompted by our observation that striking elevation of plasma and tissue levels of verylong-chain (>22) fatty acids-particularly hexacosanoic acid-are present in all patients with CHRS (19) . These acids are normal constituents of myelin sphingolipids, and elevated levels are also observed in all patients with a somewhat more common group of disorders, the adrenoleukodystrophies (ALD) (20, 21) . Unlike CHRS, the childhood form of ALD and an adult form referred to as adrenomyeloneuropathy (AMN) (22) are X chromosome-linked (23) and defects are confined to nervous system white matter, adrenal cortex, and testis. The rarer neonatal form of ALD shows an autosomal recessive mode of inheritance and resembles CHRS (24, 25) . Table 1 lists the main points of distinction between these disorders.
We have shown that the elevated very-long-chain fatty acid levels in patients with CHRS and all forms of ALD are due to defects in the degradation of these acids (29, 30) , whereas palmitate degradation proceeds normally. Since previous studies of the subcellular localization of fatty acid oxidation had focused on fatty acids with a carbon chain length of 22 or fewer (2, 3), we undertook the present study to ascertain the subcellular localization of very-long-chain fatty acid oxidation and to determine its relationship to the pathogenesis of these disorders. In view of the striking difference between the tissue-restricted abnormalities in childhood ALD and AMN, and the multiple defects in CHRS and neonatal ALD, we also examined the morphology and histochemical properties of peroxisomes in a liver biopsy specimen of a patient with childhood ALD.
This report shows that in rat liver and cultured human skin fibroblasts lignoceric acid, unlike palmitic (n-hexadecanoic) acid, is oxidized mainly, and possibly exclusively, in peroxisomes and that it is this system that is defective in ALD and CHRS. In sharp contrast to CHRS, liver peroxisomes in a childhood ALD patient were normal in size and number Abbreviations: CHRS, cerebro-hepato-renal syndrome; ALD, adrenoleukodystrophy(ies); AMN, adrenomyeloneuropathy.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. when studied by cytochemical techniques. We postulate that in CHRS the primary defect involves the assembly of peroxisomes whereas in childhood ALD and AMN defective function is confined to peroxisomal degradation of very-longchain fatty acids. (33) , and the radioactivity in the upper layer was measured. In this report, these values are used as an index of the amount of fatty acid oxidized to acetate.
MATERIALS AND METHODS
Fatty Acid Oxidation to CO2. The assay conditions were identical to those reported previously (29, 30) . The reaction was started by addition of the enzyme and stopped by the transfer of 0.25 ml of 1.5 M H2SO4 from the side-arm tube. The radioactive CO2 was collected on a glass fiber filter paper soaked in alkali, suspended from the top of the tube equipped with a side arm and a stopper.
Marker Enzymes. Catalase was measured according to Bergmeyer (34) ; urate oxidase and glutamate dehydrogenase, according to the procedure of Leighton et al. (35) ; cytochrome c oxidase, according to the procedure of Omura and Takesue (36); and proteins, by the method of Miller (37) .
Patients and Tissue Samples. Patients in the various disease categories included in this study have been described (19, 20, 24) . Liver biopsies were carried out by the percutaneous punch technique. Approval of the Human Investigations Committees and informed parental consent had been obtained. For the cytochemical demonstration of peroxisomes, we used the method of Roels and Goldfischer (38) to process a portion of the biopsy specimen for cytochemistry and electron microscopy. Fixation was for 1 hr at 4°C and overnight at room temperature in 4% Formol/calcium in 0.1 M cacodylate buffer (pH 7.4). For the demonstration of catalase, a peroxisomal marker enzyme, 40-,m nonfrozen sections were incubated for 60 and 90 min at 42°C in a 3,3'-diaminobenzidine medium (38) These results suggested that lignoceric acid was oxidized mainly in peroxisomes. To verify this possibility, we examined the effect of KCN on oxidation of both lignoceric and palmitic acids in each of the subcellular fractions. KCN inhibits fatty acid oxidation in mitochondria by inactivating cytochrome a and cytochrome a3 but has no effect on peroxisomal oxidation. As shown in Fig. 1 , the oxidation of lignoceric acid was not affected by KCN in any fraction whereas palmitic acid oxidation was significantly inhibited in fractions enriched in mitochondria (3 and 4) and unaffected in the peroxisome-rich fractions 7 and 8. This leads to the conclusion that oxidation of lignoceric acid takes place mainly and possibly exclusively in peroxisomes.
Oxidation of Fatty Acids by Cultured Skin Fibroblasts. To extend our studies on the site of lignoceric acid oxidation, we next examined the effect of KCN (which inhibits mitochondrial fatty acid oxidation) on the oxidation of fatty acids by homogenates of cultured skin fibroblasts. In agreement with previous results (29, 30) , the oxidation of lignoceric acid in fibroblasts from childhood ALD, neonatal ALD, and CHRS was reduced, respectively, to 23%, 5%, and 3% of control (Table 3) . Moreover, similar to our observations on rat liver, KCN had no effect on the oxidation of lignoceric acid in any fibroblast preparation, indicating that, in fibroblasts, lignoceric acid is also oxidized in peroxisomes. As expected, however, KCN inhibited the oxidation of palmitic acid in cultured fibroblasts (Fig. 2) . Interestingly, the degree of inhibition varied. In childhood ALD and control cells, 2 mM KCN reduced palmitate oxidation to 40% of the uninhibited level. In CHRS and neonatal ALD fibroblasts, the activity was reduced to 12% of the uninhibited level, suggesting that the peroxisomal defect in childhood ALD differs from that in CHRS and neonatal ALD.
Structure of Liver Peroxisomes in Childhood ALD. Liver peroxisomes in the childhood ALD patient were abundant in number and normal in size, ranging from 0.15 to 0.75 ,um in diameter (Fig. 3a) , and cytochemical catalase activity was also normal (Fig. 3b) . This is in striking contrast to what has been documented previously in CHRS and neonatal ALD, where liver peroxisomes have been reported to be either lacking or greatly reduced in size and number (13-15, 26, 27) .
DISCUSSION
In contrast to the oxidation of palmitic acid, which is oxidized mainly in the mitochondrion, we find that the oxidation of lignoceric acid takes place mainly in the peroxisomes. This conclusion is based on results of subcellular fractionation studies and on the effects of adding cyanide, which inhibits mitochondrial but not peroxisomal oxidation. As shown in Table 2 , the oxidation of lignoceric acid to watersoluble compounds corresponded to the distribution of peroxisomal marker enzymes. Furthermore, cyanide failed to inhibit lignoceric acid oxidation in rat liver subcellular fractions, a liver biopsy sample, and cultured human fibroblasts (Table 3 ). To the extent that results from these tissue samples can be generalized to other tissues, we conclude that oxidation of lignoceric acid takes place mainly, and possibly exclusively, in the peroxisomes.
In addition to increased levels of very-long-chain fatty acids, three biochemical abnormalities have now been shown to be associated with CHRS: diminished levels of alkoxyphospholipids (17) , increased levels of pipecolic acid (28) , an intermediate in the lysine degradative pathway, and abnormalities of bile acid composition (18) . The changes in alkoxyphospholipids and of very-long-chain fatty acids have now been linked to the peroxisome and, coupled with the striking morphological and cytochemical abnormalities, provide firm evidence that CHRS is a disorder of the peroxisomes. It must be cautioned, however, that mitochondrial abnormalities have also been described in CHRS (13, 15) . While a recent report concludes that the mitochondrial abnormalities may be secondary to a peroxisomal defect (39) , at this time it is not fully established that the primary defect in CHRS is confined to the peroxisome.
The defect in very-long-chain fatty acid oxidation in CHRS and ALD is not complete: Residual activity is between 3% and 25% of control. Table 3 shows that this residual activity is not inhibited by cyanide, and we conclude that it is peroxisomal and not mitochondrial. It is of interest that while in both CHRS and ALD there is accumulation of fatty acids with 24 or more carbons, the levels of behenic acid FIG. 3 . Electron micrographs of a percutaneous liver biopsy sample from a patient with childhood ALD processed for morphology (a) and for cytochemical demonstration of catalase, a peroxisomal marker enzyme (b) (38) . (a) Hepatocellular peroxisomes (P), with a characteristic flocculent matrix delimited by a single membrane, are abundant. (b) The contrast of peroxisomes (P) is enhanced by deposition of the osmophilic reaction product during incubation for catalase reactivity. The density of the product is inversely proportional to the size of the peroxisome. M, mitochondria; N, nucleus. Samples were fixed with formalin/cacodylate (38) and postfixed with an osmium/ferrocyanide mixture (a) or with osmium phosphate (b) . (Counterstain, uranyl and lead acetates; x11,100.) (C22:0), erucic acid, and fatty acids with shorter chain lengths are not increased. Osmundsen (3) has shown that in rat liver the rate of peroxisomal oxidation of erucic acid ranges from 100% to 300% of that in mitochondria. These findings suggest that peroxisomal oxidation of long chain and very-long-chain fatty acids may involve more than one enzyme and that, as discussed below, these enzymes are defective to various degrees in CHRS and ALD.
There are major phenotypic differences between CHRS and X chromosome-linked forms of ALD (childhood ALD and AMN). In the latter disorders, the clinical and morphological abnormalities are confined to the adrenal cortex, testis, and nervous system white matter. We now report that, unlike CHRS, peroxisomes have a normal morphology in childhood ALD. Although CHRS and X chromosome-linked ALD are both peroxisomal disorders, we postulate that they have different disease mechanisms. We suggest that in childhood ALD a single enzyme defect leads to impaired oxidation of very-long-chain fatty acids whereas, in CHRS and probably also in neonatal ALD (27, 28) , there is a defect in the formation of peroxisomes, and that this is associated with a deficiency of several peroxisomal enzymes. The results shown in Fig. 2 
